Abbreviation Key: MES = 2-[N-morpholino]ethanesulfonic acid; BBV = brush border vesicles; pNPP = para-nitrophenolphosphate. 
INTRODUCTION
Phytate (myoinositol hexakisphosphate) is the primary storage form of phosphate in cereal grains, legumes, and oilseeds (Ravindran et al., 1995) . Phytate P is poorly utilized by animals such that plant-based diets are routinely supplemented with inorganic phosphate to increase available phosphate in the diet. In areas of concentrated animal production, excess undigested phytate P in the manure poses an environmental concern. Phytate chelates multivalent cations and diets high in phytate are associated with reduced bioavailability of calcium, iron, zinc, and magnesium (Morris, 1986) .
The process of dietary phytate P digestion and absorption is poorly characterized and large discrepancies in the retention of phytate P are reported in the literature. In poultry, Nelson (1976) measured 0 and 8% hydrolysis of phytate P from corn-and wheat-based diets, respectively. Other studies have reported that chicks can retain up to 60% of dietary phytate P (Temperton and Cassidy, 1964a,b; Edwards, 1983) .
Digestion and retention of dietary phytate P varies with the form of phytate in the diet, and the mineral and vitamin D status of the animal. These factors may account for the apparent discrepancies in the bioavailability of phytate P. High levels of dietary calcium reduces phytate P hydrolysis in rats (Ballam et al., 1985) and a decrease in dietary calcium improves phytate digestibility in chicks (Mohammed et al., 1991) . Supplementation of corn-soybean meal diets with 1,25-dihydroxycholecalciferol increased phytate P retention from 31 to 68% in broiler chicks (Edwards, 1993) .
Overall, studies on phytate P retention indicate that animals can, to a variable extent, digest and retain dietary phytate P. Phytate hydrolysis has been demonstrated with preparations of chick (Davies et al., 1970; Bitar and Reinhold, 1972; Davies and Motzok, 1972) , human (Bitar and Reinhold, 1972; Iqbal et al., 1994) , calf (Bitar and Reinhold, 1972) , and rat (Bitar and Reinhold, 1972; Yang et al., 1991; Iqbal et al., 1994) intestinal mucosa. The source of this phytate hydrolytic activity in the intestine is open to debate and has been credited to nonspecific phosphatase (Davies and Motzok, 1972; Yang et al., 1991) and specific phytase activities (Bitar and Reinhold, 1972 In this study, we have begun to characterize the mineral and pH dependency, and the kinetics of the phytate hydrolytic activity in the intestinal brush border membrane of the chicken by accurately measuring true initial rates of phytate hydrolysis in preparations of purified small intestinal brush border membrane vesicles (BBV).
MATERIALS AND METHODS

Preparation of Chicken Intestinal BBV
Crude BBV were prepared from the small intestinal mucosal scrapings of 4-wk-old broiler chicks or 50-wk-old mature laying hens in full production as described previously (Maenz and Engele-Schaan, 1996) . The crude vesicle pellets were resuspended in 300 mM mannitol, 50 mM N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid] (HEPES) adjusted to pH 7.5 with tris(hydroxymethyl)aminomethane (Tris), and centrifuged at 614 × g for 15 min. The supernatant was centrifuged at 30,100 × g to generate the final BBV pellet. The pellets were resuspended in 300 mM mannitol, 50 mM HEPES adjusted to pH 7.5 with Tris, pooled, assayed for protein, diluted to 16 mg BBV protein/mL, divided into aliquots and frozen in liquid N 2 . The final BBV preparation consists of right-side microvilli that are 21-fold enriched in the specific activity of alkaline phosphatase relative to the initial homogenate (Maenz and EngeleSchaan, 1996) . As described previously (Maenz and Engele-Schaan, 1996) , the purity, integrity, and function of the preparation remains consistent with long-term storage in liquid N 2 .
Assay of Phytate Hydrolysis by BBV
For a given experiment, a suitable number of aliquots of BBV were thawed, pooled, and diluted with saline to a concentration of 6 mg BBV protein/mL. The BBV were mixed with a buffered cocktail in 96-well microtitre plates to give a final volume of 120 mL per well and final concentrations of 0.5 mg BBV protein/mL, 50 mM HEPES, 50 mM TRIS, 50 mM 2-[N-morpholino]ethanesulfonic acid (MES), adjusted to the required pH with NaOH or HCl, plus sodium phytate and other additions as required. The plates were incubated at 41 C and the reaction stopped with 80 mL of ice-cold 50 mM trichloroacetic acid. The plates were centrifuged for 20 min at 730 × g and the supernatant assayed for inorganic phosphate.
Assay of Nonspecific Phosphatase Activity in BBV
Aliquots of BBV were thawed, pooled, and diluted with 0.3 M mannitol, 50 mM HEPES, 50 mM MES, 50 mM Tris adjusted to the required pH with NaOH or HCl, 5 mM MgCl 2 , 0.2 mM ZnCl 2 to a concentration of 0.01 mg BBV protein/mL. The BBV were preincubated in microtiter plates (100 mL per well) at 30 C for 15 min. To initiate the reaction, 100 mL of 1.6 mM para-nitrophenolphosphate (pNPP), 0.3 M mannitol, 50 mM HEPES, 50 mM MES, 50 mM Tris, adjusted to the required pH with NaOH or HCl, 5 mM MgCl 2 , 0.2 mM ZnCl 2 and other compounds as required, were added to the wells and the rate of paranitrophenol formation determined by the linear change in absorbance at 410 nm.
Calculation of Total Brush Border Phytase Activity in Sections of Small Intestine
The entire mucosa was scraped from a given section of small intestine of a 50-wk-old laying hen in full production or a 4-wk-old broiler chick. The mucosa was weighed, and assayed for protein and alkaline phosphatase activity. The specific activity of mucosal alkaline phosphatase was determined using 20 mg of mucosal homogenate protein/ assay at a media pH of 11. All other procedures are the same as described for the measure of BBV alkaline phosphatase activity. Total alkaline phosphatase activity in the mucosa was calculated by multiplying the specific activity of alkaline phosphatase by the total protein in the mucosal scrapings. Brush border vesicles were prepared from the mucosal scrapings and the vesicles were assayed for protein, alkaline phosphatase, and phytase activities. The recovery of brush border membrane was defined as the total alkaline phosphatase activity in the intestinal mucosa divided by the total alkaline phosphatase activity in the BBV preparation. Total gut section brush border phytase activity was calculated as total BBV phytase activity multiplied by the brush border recovery factor.
Protein and Phosphate Assays
Protein was assayed using Sigma 2 microprotein diagnostic kit No. 610 by complexing with Coomassie Blue and reading the change in absorbance at 595 nm. Inorganic phosphate was determined by complexing with ammonium molybdate and reading the absorbance of the reduced complex at 650 mm (Sigma 1 inorganic phosphorus kit No. 670).
Statistical Analysis
Kinetic models were tested for convergence (P < 0.05) to nontransformed data obtained for phytate hydrolysis with varying substrate concentrations by nonlinear regression analysis using the P. Fit 3 curve fitting program.
One-way ANOVA were performed on the specific and total phytase activity within bird type (i.e., broilers or laying hens) with phytase activity as the dependent variable and gut section as the independent variable. Additional one-way ANOVA was performed on the specific and total phytase activity within gut sections with phytase activity as the dependent variable and bird type as the independent variable. In cases in which ANOVA FIGURE 1. Initial rate of chick small intestinal brush border phytase activity. A batch preparation of small intestinal brush border membrane vesicles (BBV) was prepared from 20 broiler chicks as described in Materials and Methods and frozen as 1-mL aliquots in liquid N 2 . One aliquot of BBV was thawed and used to determine the time course of phytate hydrolysis. The reaction media contained 25 mM MgCl 2 and 0.1 mM sodium phytate and was adjusted to pH 6.0 with NaOH. All other procedures were the same as described in Materials and Methods. Points indicate the mean and standard error of the mean of four determinations of inorganic phosphate at the indicated times. The line represents the initial rate of phytate hydrolysis as determined by a linear regression analysis over the first 10 min of the reaction. The slope, intercept, and r 2 value of the regression equation are indicated. FIGURE 2. Mineral dependency of brush border phytase activity. One aliquot of the batch preparation of brush border membrane vesicles (BBV) described in Figure 1 was used in the experiment. The reaction medium contained 0.5 mM sodium phytate plus the indicated concentrations of MgCl 2 or ZnCl 2 . All other procedures were the same as described in Figure 1 . The reaction was stopped at 0 and 10 min and initial rates of phytate hydrolysis were calculated as the difference in inorganic phosphate level of the media divided by reaction time. The points represent the mean and standard error of the mean of four determinations of initial rate of phytate hydrolysis under the indicated conditions of mineral supplementation of the media.
indicated that significant differences (P < 0.05) were present, the Tukey-Kramer multiple comparisons test was used to test for significant differences (P < 0.05) between means.
RESULTS
Initial Rates of Phytate Hydrolysis By
Chick Intestinal BBV Figure 1 shows the time course of inorganic phosphate formation from 0.1 mM phytate in the presence of 0.5 mg of BBV protein/mL at a temperature of 41 C and a medium pH of 6.0. Under these conditions, the rate of inorganic phosphate formation was linear for 10 min from initiation of the reaction. In subsequent experiments the initial rate of phytate hydrolysis in the reaction mixture was calculated as the difference in inorganic phosphate concentration between 0 and 10 min of incubation. Figure 2 shows the effects of various concentrations of MgCl 2 and ZnCl 2 on the initial rates of 0.1 mM phytate hydrolysis at pH 6.0. Increasing the concentration of MgCl 2 from 0 to 25 mM doubled the rate of phytate hydrolysis. Increasing the concentration of ZnCl 2 from 0 to 1 mM had no effect on phytate hydrolysis. Incorporation of 2.5 and 5.0 mM ZnCl 2 in the reaction medium resulted in substantial inhibition of phytate hydrolysis.
Mineral Dependency of Phytate Hydrolysis
pH Dependency of Intestinal Brush Border-Dependent Phytate and pNPP Hydrolysis
Phytate could be hydrolyzed by nonspecific phosphatase or by specific phytase activities located in the brush border membrane. The substrate is pNPP for acid and alkaline phosphatase activities and the rates of paranitrophenol formation from pNPP were determined from pH 4 to 11 (Figure 3) . No measurable nonspecific phosphatase activity was obtained in the pH range from 4 to 8. The intestinal brush border contains substantial alkaline phosphatase with an optimal activity occurring at pH > 10. Inclusion of 0.6 mM phytate in the incubation F I G U R E 3 . p H d e p e n d e n c y o f p h y t a t e a n d p a r anitrophenolphosphate (pNPP) hydrolysis by intestinal brush border membrane. One aliquot of the batch preparation of brush border membrane vesicles (BBV) described in Figure 1 was used in the experiment. The reaction media were adjusted to the indicated pH with HCl or NaOH and contained 25 mM MgCl 2 plus sodium phytate and/or pNPP. Initial rates of phytate hydrolysis were calculated as described in Figure 2 and initial rates of pNPP hydrolysis were determined as described in Materials and Methods. Data points represent the mean and standard error of the mean of four determinations of initial rate of 0.1 mM phytate hydrolysis (o), or 0.8 mM pNPP hydrolysis (◊), or 0.8 mM pNPP hydrolysis with 0.1 mM sodium phytate in the medium (⁄), at the indicated pH. FIGURE 4. Kinetics of brush border phytase activity. Two aliquots of the batch preparation of brush border membrane vesicles (BBV) described in Figure 1 were used in the experiment. The reaction media were adjusted to pH 6.0 and contained 25 mM MgCl 2 plus the indicated final concentrations of sodium phytate. All other procedures were the same as described in Figure 2 . The points represent the mean and standard error of the mean of four determinations of initial rates of phytate hydrolysis at the indicated concentration of substrate. The line represents a single Michaelis-Menten enzymatic activity plus an unsaturable component with the indicated values for Vmax, Km, and C as the best model fit to the data. media at pH 11 had no effect on nonspecific phosphatase activity.
The pH dependency of phytate hydrolysis differs from that of pNPP hydrolysis. Optimal brush border phytase activity occurred at a pH between 5.5 and 6.5 (Figure 3) . No measurable phytase activity was obtained at pH 4 and marginal phytase activity was obtained over the pH range from 7 to 11. Figure 4 shows the initial rates of phosphate formation over a full range of concentrations of phytate incorporated into reaction media. A kinetic model equation of a single Michaelis-Menten type of enzymatic activity plus an unsaturable component convergence (P < 0.05) to the nontransformed initial rate data. The kinetic parameters for the best model fit to the data are reported in Figure 4 . In our experimental system, chick intestinal brush border phytase has an intermediate affinity for phytate with a Km that approximated 0.160 ± 0.008 mM. The maximum velocity of the enzyme approximates 42.5 ± 1.0 nmol PO 4 -2 released/mg of BBV protein per min at saturating concentrations of substrate.
Kinetics of Brush Border Phytase Activity at pH 6
Comparison of Brush Border Phytase Activity Between Sections of Small Intestine in Laying Hens and Broiler Chickens
Phytase activity was obtained with BBV from all sections of the small intestine of laying hens and broiler chicks ( Figure 5 ). The highest specific activity was seen in the duodenum ( Figure 5A ). The specific activity of phytase in BBV prepared from the ileum was approximately half that obtained with duodenal vesicles. No difference in the specific activity of brush border phytase was apparent in vesicles prepared from comparable sections of laying hen and broiler chick small intestine.
Total brush border phytase activity for each segment of gut is shown in Figure 5B . Under the assay conditions employed in this study, the total brush border phytase activity of the small intestine was 5.2 mmol P/min for laying hens and 3.8 mmol P/min for broiler chicks. In both laying hens and broiler chicks, total brush border phytase was highest in proximal sections of gut. When comparing laying hens to broiler chicks, total brush border phytase was significantly greater in the duodenum and the proximal jejunum of laying hens (P < 0.05). No difference was obtained between laying hens and broiler chicks when comparing total brush border phytase activity of distal sections of the small intestine.
DISCUSSION
Hydrolysis of phytate could result from nonspecific phosphatase or specific phytase activities. Phytate inhibits alkaline phosphatase from bovine (Hayakawa et al., 1991; Martin and Evans, 1991a,b) and rat (Bitar and Reinhold, 1971 ) intestinal mucosa, suggesting that phytate hydrolysis is catalyzed by nonspecific phospha-FIGURE 5. Small intestinal brush border (BB) phytase activity in laying hens and broiler chicks. Brush border vesicles were prepared from the individual mucosal scraping taken from the four gut sections of 10 broiler chicks and 10 laying hens as described in Materials and Methods. The reaction medium was adjusted to pH 6.0 and contained 25 mM MgCl 2 plus 0.1 mM sodium phytate. All other procedures are the same as described in Figure 2 . The bars represent the mean of specific (A) and total (B) phytase activity. Shared upper case letters indicate no significant difference between phytase activity in gut sections of laying hens (P > 0.05); shared lower case letters indicate no significant difference in phytase activity between gut sections of broiler chicks (P > 0.05); and star indicates a significant difference between laying hens and broiler chicks in comparing phytase activity of the indicated gut section (P < 0.05).
tase. However, phytate is known to inhibit a-amylase (Deshpande and Cheryan, 1984) , protease (Singh and Krikorian, 1982) , and lipase (Knuckles, 1988) . The mechanism of phytate inhibition of digestive enzymes is uncertain. Hayakawa et al. (1991) reported a mixed type of inhibition kinetics for phytate effects on calf intestinal pNPP hydrolysis. Phytate and the cupric ion chelate of phytate are reported to inhibit calf intestinal pNPP hydrolysis by a strictly competitive mechanism (Martin and Evans, 1991b) . Inhibition of nonspecific alkaline phosphatase requires preincubation of the enzyme with phytate prior to the assessment of enzyme activity (Martin and Evans, 1991a; Hayakawa et al., 1991) . Preincubation of calf alkaline phosphatase with high concentrations of Mg +2 or Ca +2 plus phytate markedly increased calf alkaline phosphatase activity relative to the activity obtained after preincubation with phytate in the absence of divalent cation (Hayakawa et al., 1991) . Phytate readily forms soluble and insoluble chelates with multivalent cations (Cheryan, 1980) . Phytate chelation of cations during the preincubation period may decrease association of mineral cofactors with intestinal phosphatase and other digestive enzymes, thereby shifting equilibriums toward less active or inactive conformations.
In this study, we measured true initial rates of phytate hydrolysis in preparations of purified chick small intestinal BBV. This type of experimental design isolates the target membrane and minimizes the potential for complications in model fitting due to nonbrush border phytase or phosphatase activities contributing to substrate hydrolysis.
Hydrolysis of phytate or pNPP was measured immediately upon mixing the vesicles with the buffered cocktail containing the substrate and other additions. This protocol minimizes the potential for inhibition of enzyme activity following chelation of mineral cofactors during a preincubation period. Under these conditions, the pH profile for phytase activity was distinct from that of nonspecific phosphatase. The brush border membrane contains no acid phosphatase and no nonspecific phosphatase at pH 6, which is the optimum pH for hydrolysis of phytate. Further, incorporation of excess phytate at pH 11 had no effect on alkaline phosphatase activity. As such, the chick intestinal brush border membrane contains a phytase activity that is distinct from any nonspecific phosphatase enzymes.
A model of a single Michaelis-Menten type of enzyme activity described chick intestinal brush border phytase under optimal conditions of pH 6 plus 25 mM MgCl 2 incorporated in the medium. Marginal phytate hydrolysis could be measured at pH > 7 and one could speculate that a second brush border phytase is functional under conditions of alkaline pH. Bitar and Reinhold (1972) partially purified phytase activities from chick intestinal mucosa by differential precipitation and chromatography on diethylaminoethyl cellulose. The procedures used by Bitar and Reinhold (1972) would identify mucosal phytase activities and would not be specific to the brush border. Mucosal phytase activity eluted from the column over a broad range of NaCl concentrations with two and possibly three distinct peak regions. This type of elution profile is consistent with multiple enzymes with phytase activity. The pH profile of a phytase enriched fraction from the eluent showed substantial phytase activity at pH 6 and 9 with a pH optimum of 8.3. The partially purified phytase activities described by Bitar and Reinhold (1972) may consist of the pH 6 optimum brush border phytase plus additional alkaline brush border and nonbrush border mucosal phytase activities.
The contribution of endogenous brush border phytase activity toward dietary phytate P digestibility is not known. The pH of the unstirred water layer immediately adjacent to the brush border surface of the intestinal epithelial approximates the optimum pH for brush border phytase activity as determined in this study (Lucas, 1983) . Further, there is evidence that dietary phytate P retention is dependent upon the phosphate status of the animal (Moore and Veum, 1983) and is affected by dietary supplementation with vitamin D (Ravindran et al., 1995) .
In comparison to broiler chicks, mature laying hens have a higher dietary phosphate requirement and a greater capacity to utilize total dietary phosphate from plant-based diets. In general, dietary phosphorus availability approximates one-third of total phosphate in plant-based diets fed to broiler chicks and one-half of total phosphate in the same diets fed to laying hens. Scheideler and Sell (1987) reported a 47% retention of dietary phytate P in corn-soybean based diets fed to 34-wk-old laying hens. In comparing broiler chicks and laying hens, Maddaiah et al. (1963) reported more efficient utilization of dietary phytate P in laying hens. Older studies (Pepper et al., 1969; Salman et al., 1969; Couch and Creger, 1970) suggest that a high proportion of phytate P is available to support egg production in the laying hen. Summers (1995) reported that decreasing available phosphate in laying diets from 0.4 to 0.3% had no effect on egg production. A 20% decrease in total dietary phosphate achieved by reducing the level of supplemental phosphate resulted in a 20% reduction in phosphate in the excreta (Summers, 1995) . In our study, no difference in the specific activity of brush border phytase was found in comparing 4-wk-old broiler chicks and mature laying hens. However, total small intestinal brush border phytase activity was 35% higher in the laying hens. These findings are consistent with a larger body size and small intestinal mucosal surface area in the mature laying hen when compared to the 4-wk-old broiler. A larger surface area and thus total activity of brush border phytase in the upper small intestine may improve the efficiency of endogenous phytate hydrolysis and is consistent with a more efficient utilization of phytate P in laying hens.
Rats adapt to a phosphate-deficient diet through an increase in total dietary phosphate and phytate P retention (Moore and Veum, 1983) . In rats, weaning to a diet high in phytate is associated with an increase in intestinal phytase activity and an increase in the expression of a 90-kDa protein isolated from the intestinal mucosa (Yang et al., 1991) . Intestinal phytase activity is over threefold greater in chicks maintained on phosphate-deficient diets relative to phosphatesupplemented control birds (Davies et al., 1970) .
A substantial body of literature indicates that dietary supplementation with 1,25-dihydroxycholecalciferol improves phytate P digestibility in poultry (Ravindran, et al., 1995) . Dietary supplementation with 1,25-dihydroxycholecalciferol improved phytate P retention in broilers (Edwards, 1983; Mitchell and Edwards, 1996a, b) and reduced the requirement for dietary supplementation with inorganic phosphate (Mitchell and Edwards, 1996a, b) . Supplementation with microbial phytase plus with 1,25-dihydroxycholecalciferol had an additive effect on increasing phytate P retention and decreasing the dietary inorganic phosphate requirements for broiler chicks (Mitchell and Edwards, 1996b) . Mitchell and Edwards (1996b) suggested different mechanisms accounted for the increased phytate P retention in diets supplemented with microbial phytase or 1,25-dihydroxycholecalciferol. These studies provide some indication that expression of intestinal phytase activity is subject to regulatory mechanisms and is important in maintaining the phosphate status of the animal. Further characterization and identification of enzymes that contribute to intestinal brush border phytase activity in broiler chicks and laying hens may provide the basis for an understanding of the processes involved in regulating phytate P digestion and absorption.
